Epidermal growth factor receptor (EGFR) activation is
) and died soon after birth probably due to the inability to breathe caused by a dramatic thickening of the the proliferating keratinocytes reside (King et al., 1990; Sibilia and Wagner, 1995) . The number of receptors detongue epithelium (data not shown). Founder 893A-1 carrying 3-5 copies of the transgene displayed no abcreases as keratinocytes migrate to the suprabasal layers of the epidermis, entering the pathway of terminal normalities at birth, but started to develop severe skin papillomas after 3 weeks and had to be sacrificed (data differentiation (King et al., 1990). Recently, it was shown that EGFR signaling regulates keratinocyte survival, not shown). Founder 892A-6* carried only one or two copies of the transgene and showed low expression since antibody-mediated inhibition of the EGFR renders keratinocytes detached from the extracellular matrix levels of the SOS-F protein similar to the endogenous SOS protein ( Figure 1B) . Moreover, the SOS-F protein susceptible to apoptosis (Rodeck et al., 1997a).
Mice deficient for the TGF␣ gene develop a wavy coat was expressed in the stomach, thymus, and unaffected skin and papillomas, but was undetectable in other orand curly whiskers (Luetteke et al., 1993; Mann et al., 1993) . A similar phenotype is observed in the naturally gans (data not shown). Founder 892A-6*, which was used to establish the transgenic line, started to develop occurring mouse mutant strain waved-2 (wa2), which is homozygous for a hypomorphic EGFR allele. Wa2 mice papillomas after two weeks of age ( Figure 1F ). All transgenic offspring developed severe skin alterations on the carry a point mutation in the kinase domain of the EGFR resulting in reduced kinase activity (Luetteke et al., 1994;  body and tail and histological examination revealed a hyperplastic epidermis displaying more than the usual Fowler et al., 1995). In contrast, mice harboring a null mutation in the EGFR gene exhibit strain-dependent 3 to 4 suprabasal cell layers present in controls (data not shown). Within the next 2-3 weeks, these hyperplastic phenotypes with defects in neural and epithelial tissues and die before weaning age ( These results show that expression of the transgene negative EGFR (CD533) in the basal layer of the epidermis and outer root sheath of the hair follicles (Murillas in the skin results in a hyperproliferative skin disease leading to hyperplasia and papilloma formation characet al., 1995). These results suggest that TGF␣/EGFR signaling plays an essential role in epithelial cell proliferterized by an expanded basal compartment. ation and/or differentiation and is critical for the development of normal hair follicles and skin. However, it is Tumor Development Is Impaired in a Hypomorphic unclear which signaling pathways downstream of the EGFRwa2/wa2 Background EGFR specifically control these processes.
To explore a possible genetic interaction between SOS To investigate EGFR responsive pathways in the skin, and EGFR, the K5-SOS-F transgene was bred into an we have generated transgenic mice expressing a domi-EGFR null (Ϫ/Ϫ) or hypomorphic (wa2/wa2) backnant form of hSOS (SOS-F) under the control of a fullground. Interestingly, skin tumor development was atlength K5 promoter, which is active in EGFR-expressing tenuated in EGFRϪ/ϪK5-SOS-F mice. The transgene cells. Here, we show that all K5-SOS-F mice develop partially rescued the hair growth defects in the few muspontaneous skin tumors and that tumor development tants obtained and prolonged the lifespan up to 6 is impaired in the absence of EGFR function, likely due months (M. S. and E. F. W., unpublished data). In conto increased apoptosis, thereby demonstrating that the trast, in a wa2/wa2 or wa2/Ϫ background, K5-SOS-F EGFR functions as a survival factor in oncogenic transexpression did not rescue the curly hair phenotype, sugformation.
gesting either that SOS controls hair growth but not hair follicle orientation or that the levels of expression of K5-Results SOS-F are not appropriate to rescue this phenotype. Skin tumor development was also severely impaired in a wa2/wa2 or wa2/Ϫ transgenic background ( Figure  K5 -SOS-F Transgenic Mice Exhibit Skin Hyperplasia and Develop Papillomas 2A). After 6 months, 85% of wa2/wa2 or wa2/Ϫ K5-SOS-F mice were still tumor-free, whereas 100% of The full-length regulatory region of the K5 gene was used to express an activated form of human Son of ϩ/ϩ, ϩ/Ϫ or wa2/ϩ K5-SOS-F mice had developed spontaneous tumors within the first two months (Figure 2A ). Sevenless (SOS-F) in the basal cell compartment of stratified epithelia and in the outer root sheath of the The average tumor volume was dramatically different between the groups. Whereas more than 90% of the hair follicles (Aronheim et al., 1994; Ramírez et al., 1994) ( Figure 1A ). Four transgenic founder mice (892A-6*, papillomas in an EGFR wild-type background were bigger than 1 cm 3 after 3 weeks of age, tumor volume was 893A-1, 893B-1, and 893B-2) were obtained and SOS-F expression was found to be copy number dependent drastically reduced in the presence of mutant EGFR alleles ( Figure 2B ). In addition, the few lesions which since the founders harboring 3-5 (893A-1) or more than 50 copies of the transgene (893B-1 and 893B-2) showed developed in a mutant EGFR background only started to develop after an extended latency period (more than whereas wild-type cells expressing SOS-F efficiently formed tumors in nude mice ( Figure 3A ). In contrast, four months of age) and were frequently localized at the edges of ear-tag or tail-biopsy sites, suggesting that fibroblasts lacking the EGFR failed to be transformed by SOS-F, indicating that EGFR signaling is required for they were induced by wounding. oncogenic transformation by SOS-F ( Figure 3A) . Interestingly, expression of bcl-2 restored tumor formation EGFR-Dependent Transformation of Immortalized of Ϫ/Ϫ fibroblasts expressing SOS-F, suggesting that Fibroblasts by Oncogenic SOS and Ras the EGFR provides an antiapoptotic signal ( Figure 3A ). To gain insight into the molecular mechanism of EGFRTo exclude the possibility that the resistance of Ϫ/Ϫ dependent transformation and to examine whether fibroblasts to SOS-F transformation was due to second-EGFR signaling was a prerequisite for oncogenic transary genetic modifications, an independent fibroblast formation by components of the Ras signaling pathway cell line expressing endogenous EGFR was analyzed. in other cell types, immortalized 3T3 fibroblasts isolated NIH3T3 fibroblasts were first infected with a retrovirus from EGFRϪ/Ϫ fetuses were employed. Their proliferaexpressing a dominant-negative EGFR mutant (CD533), tion potential compared to wild type was not affected and then transfected with plasmids encoding SOS-F or (data not shown). Both Ϫ/Ϫ and ϩ/ϩ immortalized fibroblasts infected with a control virus were not tumorigenic, rasV12 ( Figure 3B ). Both SOS-F and RasV12 efficiently (Figures 2A and 2B ), histologically they appeared very sion on terminal differentiation, tumors of both backsimilar to the ones observed in a ϩ/ϩ or wa2/ϩ backgrounds were stained for Keratin 1 (which is normally ground (Figures 4A and 4B) . Staining with the proliferalimited to the suprabasal layer of the epidermis). tion marker Ki67 showed that the majority of basal cells Whereas the expression of K1 was almost absent in were proliferating and that the number of proliferating ϩ/ϩ papillomas, a significantly increased number of cells was increased to a similar extent in ϩ/ϩ and wa2/Ϫ differentiated cells were still present in wa2/Ϫ tumors, transgenic papillomas (Figures 4A-4D) . In both backsuggesting that signaling by the wild-type EGFR might grounds, the proliferating cells, which are normally connegatively affect terminal differentiation tumors (Figures fined to the basal layer, had expanded to the suprabasal 4G and 4H). compartments (arrows in Figures 4C and 4D) . In con-
The survival capacity of primary transgenic keratinotrast, in adjacent nonaffected transgenic skin, Ki67-poscytes was followed during differentiation in vitro, which itive cells were present in the basal layer ( Figure 4A Figure  4J ). These results indicate that expression of K5-SOS-F renders basal keratinocytes prone to hyperproliferation, but that a functional EGFR is required to negatively regulate keratinocyte differentiation and to provide a survival signal for tumor development.
Impaired Akt but Normal ERK Activation in wa2/Ϫ K5-SOS-F Keratinocytes
To exclude the possibility that lack of tumor formation in a hypomorphic EGFR background was due to reduced transgene expression or impaired EGFR activation, primary basal keratinocyte cultures established from wa2/ϩ and wa2/Ϫ transgenic mice and nontransgenic littermates were analyzed for protein expression. Western blot analysis using antibodies against SOS1 confirmed that the levels of SOS-F protein were similar to the levels of the endogenous SOS protein and comparable in the wa2/ϩ and wa2/Ϫ background ( Figure 5A) . Likewise, the levels of EGFR protein were not different between the various genotypes, and EGF stimulation led to phosphorylation of the EGFR, although this was slightly reduced in a wa2/wa2 background ( Figure 5A) ground, SOS-F expression will still lead to hyperprolifer-TUNEL staining was performed using the in situ cell death detection kit II (Boehringer Mannheim).
ation; however, keratinocytes will be induced to leave
Isolation and Culture of Mouse Keratinocytes
vectors 24 hr later. For the focus assay, cells were cultured in the same dishes without selection for 2 weeks. Cells were fixed and and Dermal Fibroblasts Mouse keratinocytes were isolated as previously described and stained with 0.2% methylene blue (v/v in methanol). The number of macroscopically visible foci was estimated by visual examination. cultured onto vitrogen-fibronectin coated dishes in low calcium MEM (Sigma M8167) medium containing 8% chelated FCS (Carroll For the tumorigenicity assay, the transfected or infected cells were selected with G418, puromycin, or hygromycin for 1 week until et al., 1995). Keratinocytes were induced to undergo terminal differentiation by suspension culture and recovered at the indicated time all noninfected/transfected cells had died. 1 ϫ 10 6 resistant cells were subcutaneously injected into 3-to 5-week old anaesthetized points as previously described (Gandarillas et al., 1999) .
For the isolation of dermal fibroblasts, mouse ears ears were split nude mice and the appearance of tumors was monitored. into dorsal and ventral side and placed in 1% trypsin for 45 min at 37ЊC. The epidermis was separated from the dermis and the latter
